A sulfate-reducing vibrio was isolated from a methanogenic enrichment with choline as the sole added organic substrate. This organism was identified as a member of the genus Desulfovibrio and was designated Desulfovibrio strain G1. In a defined medium devoid of sulfate, a pure culture of Desulfovibrio strain G1 fermented choline to trimethylamine, acetate, and ethanol. In the presence of sulfate, more acetate and less ethanol were formed from choline than in the absence of sulfate. When grown in a medium containing sulfate, a coculture of Desulfovibrio strain Gl and Methanosarcina barkeri strain Fusaro degraded choline almost completely to methane, ammonia, and hydrogen sulfide and presumably to carbon dioxide. Methanogenesis occurred in two distinct phases separated by a lag of about 6 days. During the first phase of methanogenesis choline was completely converted to trimethylamine, acetate, hydrogen sulfide, and traces of ethanol by the desulfovibrio. M. barkeri fermented trimethylamine to methane, ammonia, and presumably carbon dioxide via dimethyl-and methylamine as intermediates. Simultaneously, about 60% of the acetate expected was metabolized. In the second phase of methanogenesis, the residual acetate was almost completely catabolized.
Methanosarcina barkeri is the most metabolically versatile methanogenic organism (3) . In addition to H2-CO2, methanol, acetate, and carbon monoxide, methylamines are utilized for growth and methanogenesis. Of the methylamines, trimethylamine seems to be the most important methanogenic substrate (14) . In anaerobic habitats enterobacteria and phototrophic bacteria are able to produce trimethylamine by reduction of trimethylamine-N-oxide (19, 33) . Another source of trimethylamine is choline, which can be fermented by several strains of Desulfovibrio desulfuricans in the absence of sulfate and by a species of the genus Clostridium, according to the following equation (5, 13, 30) : 2 choline + H20 --2 trimethylamine + acetate + ethanol.
Although enrichment cultures with choline as a substrate were found to produce methane vigorously, pure cultures of M. barkeri could not utilize choline for growth and methane formation (14) . These results suggested that a mixed microbial population was responsible for methanogenesis from choline. Since choline is a constituent of phosphatidylcholine, an important building block of plant and animal cell membranes, it is abundant in nature and it was of interest to study its anaerobic conversion to methane (12) . Experimental evidence obtained during the investigation of choline degradation in the rumen of a fistulated sheep indicated that the methyl groups of choline can be converted to methane via trimethylamine as an intermediate (25) .
(A preliminary report of this work has appeared [35] .) MATERIALS AND METHODS Bacterial strains. Desulfovibrio vulgaris strain Hildenborough (DSM 644), M. barkeri strain Fusaro (DSM 804), and Escherichia coli (DSM 498) were obtained from the German Collection of Microorganisms, Gottingen.
Media and conditions of cultivation. The anaerobic techniques for media preparation and cultivation were those of Hungate as modified by Bryant (7) .
Medium A was almost identical to the medium described by Hippe et al. (14) for cultivation of M. barkeri, except that methanol, yeast extract, Casitone, and cysteine were omitted and the salts containing sulfate were substituted for by the Enrichment and isolation. A 50-ml glass bottle containing 18 ml of vitamin-free, prereduced medium A was inoculated with 2 ml of anaerobic sewage sludge from the anaerobic digester of a municipal sewage treatment plant in Gottingen, West Germany. The enrichment culture was sealed with a butyl rubber stopper and incubated without shaking at 37°C. Gas production and methane formation started in the enrichment after a lag of about 1 week. Gas production and methanogenesis were followed by using lubricated glass syringes and a gas chromatographic procedure (described below). When gas and methane formation decreased significantly after 2 weeks of incubation, a 2-ml sample of the enrichment was transferred into 18 ml of freshly prepared, prereduced medium A and incubated as described above. The enrichment was thus carried out over about 3 months, with transfers being made at the end of vigorous gas and methane production.
At the end of this period, serial 10-fold dilutions of the methanogenic choline enrichment were made in Hungate tubes (16 by 125 mm; Bellco Glass, Inc., Vineland, N.J.) filled with 4.5 ml of prereduced medium A from which vitamins and choline had been omitted. Triplicate rubber-stoppered roll tubes (25 by 142 mm; Bellco Glass, Inc.) containing vitamin-free medium A and 2% (wt/vol) agar (Difco) were inoculated with 0.1 ml of each dilution. After solidification of the agar medium, the roll tubes were incubated at 37°C. After 1 week, two different types of colonies had formed in the agar medium. About 10 colonies of each type were picked and transferred into Hungate tubes containing 5 ml of medium A with 50 mM choline or trimethylamine as substrate.
Most of the choline cultures that had been inoculated with small, brownish colonies were turbid after 1 week of incubation, but gas production was not observed. After repeated picking and diluting of single colonies, followed by streaking appropriate volumes of suspension on flat agar bottles (24) containing medium A, an immotile vibrio capable of growth on choline was isolated.
A few of the trimethylamine cultures inoculated with whitish, pyramid-like colonies became turbid and produced gas after about 10 days of incubation. A methanogenic, sarcina-shaped organism was isolated from one of these cultures by the procedure described above, and it was able to utilize trimethylamine for growth and methanogenesis.
For nutritional studies, Desulfovibrio Coculture experiments were generally performed in 100-ml glass bottles filled with 47.5 ml of medium B and sealed with no. 1 black rubber stoppers (Bellco Glass, Inc.). The cocultures were inoculated with 2.5 ml each of cell suspensions of a pure culture of Desulfovibrio strain Gl or a pure culture of M. barkeri. Cells of Desulfovibrio strain Gl were from the late exponential growth phase and were pregrown in medium A with 10 mM sodium sulfate, unless stated otherwise. Cells of M. barkeri were pregrown in medium B containing 50 mM trimethylamine instead of choline, and they were used as inoculum after about two-thirds of the theoretically expected amount of total gas had been produced.
The kinetics of choline conversion and the formation of products were studied during growth of the coculture in a 1,000-ml glass bottle filled with 475 ml of medium B containing 15 mM sodium sulfate. The bottle was sealed with a no. 4 black rubber stopper (Bellco Glass, Inc.). After inoculation with 25 ml of a cell suspension of each pure culture, the culture was incubated in a standing position at 37°C. Samples, 10 ml, were withdrawn from the culture medium at appropriate time intervals with sterile, outgassed syringes and centrifuged to remove whole cells. The cell-free medium was stored in Hungate tubes at -20°C until quantitative determination of soluble substrates, intermediates, and products, except for sulfide, which was quantified immediately.
Gas chromatographic procedures. Acetic acid and ethanol were quantified by gas chromatography in a Perkin-Elmer model 900 gas chromatograph equipped with a glass column (2 m by 2 mm) packed with Porapack QS (Riedel de Haen, Seelze, West Germany) and connected to a flame ionization detector. The injector temperature was 210°C, the oven temperature was 175°C, and the detector temperature was 250°C. Nitrogen was used as carrier gas at a flow rate of 38 ml min -1. To release the free acid from its salt, 25 ,ul of 1 N H2SO4 was added to 200 RI1 of cell-free culture medium in a serum-stoppered 2-ml glass vial. After vigorous shaking, 4 ,u1 of the liquid sample was injected into the gas chromatograph. Concentrations were calculated by comparison of peak area response to that of a standard mixture with a Hewlett-Packard integrator (model 3370 B). The limits of detection were below 0.5 mM for each compound.
The methane content of the gas atmosphere of the cultures was determined with the gas chromatographic equipment described above. The operating conditions were the same, except that the column temperature was 75°C. Samples, 5 p.1, were directly removed from the gas atmosphere of the cultures and injected into the gas chromatograph. The amount of methane formed in cultures (millimoles of CH4 per liter) during an experiment was calculated according to the formula published by Mah et al. (20) , except that the gas volumes were corrected to standard temperature. The amount of methane expected from the conversion of choline was calculated according to the equations published for the formation of methane from methyl-APPL. ENVIRON. MICROBIOL.
on July 4, 2017 by guest http://aem.asm.org/ Downloaded from amines and acetate (14, 32) . Methylamines were determined by the gas chromatographic procedure described by Meiberg and Harder (23) , except that the injector temperature was 210°C and the detector temperature was 200°C. The free amines were released from their salts by alkalization, as described previously (14) . The limits of detection were below 1.0 mM.
Isotachophoretic methods. Separation of choline, trimethylamine, and methylamine was achieved with a Shimadzu capillary-type isotachophoretic analyzer (IP-2A; Shimadzu Seisakusho, Kyoto, Japan) equipped with a potential gradient detector and a current programmer. The first migration tube was 20 cm long and 1.0 mm in diameter; the second migration tube was 10 cm long and 0.5 mm in diameter. At 22 min after the start of the analysis, the migration current was switched from 200 to 100 ,uA and was held at 100 RA until the end of the analysis. During separation the temperature was kept constant at 20°C.
The leading electrolyte consisted of 0.01 M potassium acetate-acetic acid (pH 4.0) and 0.2% (vol/vol) Triton X-100. The terminating electrolyte was 0.01 M L-histidine-acetic acid, pH 4.3. Samples, 4 ,ul, of appropriate dilutions of cell-free culture medium were injected for quantitative determination of the compounds mentioned above. Their concentrations were calculated by comparison of the zone lengths with those obtained for standard mixtures in culture medium. The limits of detection were below 0.5 mM.
Identification of pigments. (11) and Bradley (6) was used. This procedure allowed a determination of the renaturation rates of DNA spectrophotometrically in 2 x SSC buffer containing formamide at a final concentration of 25% (vol/vol).
Determination of inorganic compounds. Sulfate was determined colorimetrically by a modification of the method of Bertolacini and Barney (4). A 1-to 4-ml amount of cell-free culture medium was added to 90 ml of reagent buffer in a 100-ml volumetric flask. The reagent buffer consisted of 10 ml of citric acid-KOH (pH 3.0), 50 ml of 96% (vol/vol) ethanol, and 30 ml of distilled water. After addition of approximately 300 mg of barium chloranilate, the mixture was diluted to volume with distilled water and the flask was shaken for 15 min. Then, the excess barium chloranilate and the precipitated barium sulfate were removed by centrifugation. The absorbance of the clear supernatant was measured at 530 nm in a Zeiss photometer PM 4, and the sulfate concentration was read from a calibration curve obtained for standard sodium sulfate solutions in culture medium. The limits of detection were below 1 mM.
Sulfide was determined by the methylene blue method of Truper and Schlegel (34). The limit of detection was below 2.5 ,uM. The values obtained for the sulfide (H2S, HS-, and S2-) dissolved in the culture medium were corrected for the H2S present in the gas phase of the culture vessel with respect to the pH of the medium and the amount of H2S removed from the system during measurements of total gas production.
Ammonia was determined enzymatically with glutamate dehydrogenase (10) .
Enzyme and chemicals. Glutamate dehydrogenase (EC 1.4.1.3), ADP, 2-ketoglutaric acid, and NADPH were obtained from Boehringer, Mannheim, West Germany. Potassium acetate and trimethylamine hydrochloride were from Fluka, Buchs, Switzerland. Triton X-100 and bovine serum albumin were purchased from Serva, Heidelberg, West Germany. LHistidine was from Baker, Deventer, The Netherlands. All other chemicals used were of the highest commercially available purity and were obtained from E. Merck AG, Darmstadt, West Germany. RESULTS Enrichment and isolation. A methanogenic enrichment procedure with a culture originally inoculated with anaerobic digester sludge from a municipal sewage treatment plant was carried out for about 3 months in vitamin-free medium A. At the end of this period, three morphologically distinct organisms could be seen when the culture liquid was examined by phase-contrast microscopy. In addition to small nonmotile vibrios and slender motile rods, highly refractile sarcina-shaped aggregates were present. By using the roll tube technique, a choline-fermenting, nonmethanogenic vibrio and a Methanosarcina strain that utilized trimethylamine for growth and methanogenesis were isolated from the enrichment. The vibrio formed circular, convex colonies with entire margins on solid medium A. Colonies appeared rough when inspected with a binocular and were 1 to 2 mm in diameter. Young colonies were ochre; old colonies were brown.
After it had been demonstrated that methanogenesis from choline also occurred when the choline-degrading vibrio was (27) . The guanine-plus-cytosine content was found to be 61.9 mol%.
The results obtained so far suggested that the choline-degrading vibrio was a strain of D. vulgaris, although it was able to utilize choline and pyruvate in the absence of sulfate (26, 27) . Since DNA-DNA hybridization studies between the neotype strain of D. vulgaris and the choline- liter-' h-1, the doubling time was about 10 h, and the acetate/ethanol ratio was 1.2 as calculated from experimental data ( Table 1 ). In the presence of sulfate, growth of Desulfovibrio strain G1 was significantly stimulated. The doubling time was reduced from about 10 to 5 h, and the acetate/ethanol ratio changed from 1.2 to 4.7 (Table 1) . Consequently, the catabolism of choline by'Desulfovibrio strain GO in the presence of sulfate led to the formation of two substrates for M. barkeri, namely, trimethylamine and acetate, and also a small amount of ethanol.
Methanogenesis from choline by a coculture. First, it was unequivocally proven that only the coculture of Desulfovibrio strain G1 and M.
barkeri could produce methane from choline, whereas pure cultures of Desulfovibrio strain G1 and M. barkeri could not (Table 2) .
A pure culture of the desulfovibrio degraded choline in medium B containing 10 mM sulfate to trimethylamine, acetate, and ethanol (as expected from previous results [ Table 1 ]) within 13 days, but methanogenesis did not occur. In contrast, a pure culture of M. barkeri was unable to utilize choline and only a small amount of methane was formed, probably from substrate transferred with the inoculum or from e nous substrates. In the coculture, methai duction started immediately after inoci After 13 days of incubation, all choline ] at the beginning of the experiment was de and a large amount of methane was prc Furthermore, trimethylamine could no lo detected, and only about 50% of the e) acetate was still left in the culture n ( To find culture conditions which allowc plete oxidation of ethanol to acetate during the degradation of choline in the coculture, the influence of sulfate on ethanol conversion was examined in more detail. The amount of ethanol was determined in cocultures grown for 15 days in medium B with different initial sulfate concentrations. Apparently, sulfate was needed as an electron acceptor for the oxidation of ethanol, for the amount of ethanol detected in the culture medium decreased with increasing concentrations of sulfate (Fig. 1) . Surprisingly, sulfate was needed in excess for total oxidation of the ethanol produced from 50 mmol of choline liter-'.
Kinetics of substrate degradation, intermediate conversion, and product formation. Choline degradation, the conversion of intermediates, and the formation of products were monitored in a coculture for 31.5 days (Fig. 2) a rate of 3.8 mmol of methane liter-' day-', until the acetate was almost exhausted. Also, the pH changed considerably during the course of methane formation from choline.
In Table 3 it is revealed that the Desulfovibrio-M. barkeri coculture degraded choline almost completely to methane, ammonia, and hydrogen sulfide, and presumably to carbon dioxide, in the presence of an excess of sulfate.
DISCUSSION
Desulfovibrio strain G1 fermented choline to trimethylamine, acetate, and ethanol in the absence of sulfate. This finding is in agreement with results obtained by other authors on the breakdown of choline by anaerobic bacteria (5, 13, 30) . Only recently has an alternative path for choline degradation been reported for two strains of Eubacterium limosum (24) . These strains have been shown to demethylate choline to yield dimethylethanolamine.
In the presence of sulfate as electron acceptor, less ethanol and more acetate were produced during choline degradation than in the absence of sulfate. Apparently, the acetaldehyde formed by the initial cleavage of choline into trimethylamine and acetaldehyde (5) was preferentially oxidized to acetyl-coenzyme A when sulfate was present as the electron acceptor. The increased formation of acetate resulted, then, in an additional energy gain which led to faster growth of the organism. A coculture of Desulfovibrio strain G1 and M. barkeri converted choline almost completely to methane, ammonia, hydrogen sulfide, and presumably carbon dioxide in the presence of sulfate. The complex metabolic reactions involved in methanogenesis from choline by the coculture are summarized in Table 4 . During choline degradation, Desulfovibrio strain G1 produced the methanogenic substrates for M. barkeri (equation 1). Trimethylamine and acetate were then utilized by M. barkeri for methane formation, according to equations 2 and 3.
The results presented in Table 2 reveal that the Desulfovibrio-M. barkeri coculture was not a syntrophic association, but rather a food chain, in which the presence of M. barkeri did not effect the degradation of choline (8, 9, 37) .
In the absence of sulfate, ethanol could not be converted to methane by the coculture, indicating that interspecies hydrogen transfer did not occur in the course of methanogenesis from choline. This is in contrast to results obtained by several authors who studied methane formation from various organic compounds by cocultures, with M. barkeri as the methanogenic organism (22, 37 (Fig.   1 ).
During the first phase of methanogenesis from choline, 87.8% of the total amount of the expected methane was produced. In this period trimethylamine was totally degraded via dimethyland methylamine as intermediates. Simultaneously, a significant amount of acetate (61.8%) was utilized and apparently contributed to methanogenesis, although the coculture had been inoculated with trimethylamine-grown cells of M. barkeri and not with acetate-adapted ones (31, 36) . Similar results were obtained by Scherer and Sahm (28) , who showed that methanol-grown cells of M. barkeri metabolized methanol and acetate simultaneously without any adaptation to acetate.
In this context it would be of interest to find out whether acetate is primarily split to methane and carbon dioxide by M. barkeri in the presence of trimethylamine or preferentially oxidized and assimilated. The latter has been shown for pure cultures of M. barkeri growing on methanol-acetate mixtures (17, 38) . However, a pronounced lag phase was observed between methane production from the mixture of trimethylamine and acetate and that from acetate alone (Fig. 2) . This might indicate differences in acetate metabolism in the two phases. Experiments to elucidate the fate of acetate during growth of M. barkeri on mixtures of trimethylamine and acetate are in progress.
